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A dried protein can be stabilized by incorporating the protein into a sugar matrix. This 
stabilization is often explained using either of two mechanics: vitrification and water 
replacement. Vitrification occurs when the molecular mobility of the protein is 
inhibited by the rigid sugar matrix, whereas stabilization by water replacement occurs 
by hydrogen bonding with the sugar to replace hydrogen bonds lost when water was 
evaporated during drying. To achieve optimal stabilization, the sugar should be in a 
glassy state. This allows the sugar matrix to conform to the rough surface of the 
protein, whereas a crystalline matrix could not, and facilitates maximum vitrification 
due to the low translational molecular mobility compared to a sugar matrix in the 
rubbery state. These two stabilization mechanisms are often considered separately. 
However, in chapter 2 we have seen that stabilization by vitrification and water 
replacement are both important mechanisms that act in balance. Without vitrification, 
no level of hydrogen bonding between the sugar and the protein can keep it from 
unfolding due to the high translational molecular mobility; the sugar matrix should 
form a foundation to which the protein can be anchored. On the other hand, when 
the sugar matrix is vitrified but there is not enough hydrogen bonding between the 
sugar and the protein, it can still unfold, albeit at a much lower rate than in a non-
vitrified sugar matrix. This would also explain why certain sugars are better stabilizers 
than others and why sometimes a sugar such as sucrose can still provide stabilization 
despite a relatively low glass transition temperature. Finally it explains why sometimes 
an increase in stability is found when a small amount of plasticizer is present instead 
of absent.  
If we compare trehalose to inulin, the former is a smaller molecule that 
should more easily follow the irregular (rough) contours of the surface of a protein 
and form more hydrogen bonds. This will in turn form a stronger anchor to the 
vitrified matrix to prevent the protein from unfolding. However, when the glass 
transition temperature of trehalose (121 °C) is depressed far enough for thesugar 
matrix to become rubbery, e.g. under humid conditions, stability is lost. In these 
conditions, inulin may still be in a glassy state due to its higher glass transition 
temperature (155 °C) and thus stabilize the protein. This of course doesn’t mean that 
any sugar with a higher glass transition temperature is better for protein stability. 
Dextran, for example, is known to be a poor stabilizer despite its high glass transition 
temperature (> 200 °C), due to its poor water replacement properties.  Furthermore, 
sucrose, when used at temperatures well below its glass transition temperature of 
about 65 °C, is known to have better stabilizing properties than trehalose in certain 
formulations. It is hypothesized that sucrose has less self-interactions than trehalose, 
also often referred to as preferential exclusion effects. However, the practical 
application of stabilized protein formulations should be kept in mind, and 
formulations with a high glass transition temperature will give significantly less 
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problems during storage. The tricky part here is that there is no fixed glass transition 
temperature of the formulation, unless it is stored at a predefined constant relative 
humidity and temperature. Finally, interesting things may occur at low plasticizer 
contents. Cases are known where adding a few percent of moisture can actually 
increase the stability of the protein, despite the plasticizing effect. This could also be 
explained in a similar way as was the difference in stabilizing properties of differently 
sized sugars. Even trehalose will not be able to cover the entire protein surface, 
especially where small gaps or intrusions are present in the protein molecular 
structure. Water, being a much smaller molecule might be able to reach those 
locations and form hydrogen bonds, either further anchoring the protein to the 
vitrified sugar matrix, or to other parts of the protein itself. This would also imply 
that, depending on the protein surface roughness, the optimal amount of plasticizer 
may be protein specific. 
Although this makes for a reasoning where everything seems to fit, the true 
challenge is to actually show what is happening around the protein in these protein 
formulations. The results in chapter 2 show how the processes involved in protein 
stabilization (protein-sugar-plasticizer interaction and vitrification) result in either a 
stable protein formulation or not. However, a more fundamental understanding of the 
intermolecular interactions that takes place between the protein, the sugar, and other 
excipients, will aid in developing stabilized protein formulations more effectively. For 
example, understanding the influence of small concentrations of different plasticizers 
may result in formulations that consist of several stabilizers of different molecular 
weight that more effectively keep the protein vitrified. Furthermore, this could then 
also be tailored to each specific protein to optimize the amount of plasticizer added. 
Perhaps molecular dynamics simulations could be a great way to investigate these 
interactions and visualize them. In a similar fashion this also holds true for the 
formation of these interactions during drying (chapter 6), as this is when storage 
stability is determined. 
With regard to spray drying of protein solutions, a lot can be done to improve 
the quality of stabilized protein products by optimizing each separate process step 
during spray drying. Whereas an understanding of the stabilization mechanisms will 
mainly lead to optimized formulations for storage stability, a further understanding of 
the influence of various conditions during specific steps within the spray drying 
process (as well as the interactions between them) on the protein activity, will lead to 
improved process stability. For example, as was found in chapter 3, there is a very 
large influence of the type of nozzle that is chosen on the process stability of lactate 
dehydrogenase. Finding the most suitable nozzle, pump, tubing, collector, and so on, 
may greatly improve the ability to stabilize sensitive proteins by spray drying. 
Furthermore, a more fundamental understanding of the effect of the atomization 
138 | Chapter 7 
mechanism (for example) on protein activity loss is key to also being able to fully 
tailor a spray dryer towards optimization of protein stabilization. 
Besides the spray dryer system itself, optimization of the spray dryer settings 
can be improved by the use of a model. As shown in chapter 4, the model enabled the 
accurate prediction of the state of the sugar matrix, glassy or rubbery, at a specific set 
of input parameters, like the chosen process conditions. This not only reduces the 
amount of experiments that need to be performed in order to optimize a spray dryer 
process for protein stabilization, but also has a built-in quality check. When the 
outcome of the spray dryer is unexpected, the chances are that the model does not 
take into account all the variables that are relevant for the spray dried formulation. In 
this case the product was simply a sugar, without protein or any other excipients, and 
so the current model was enough to accurately predict the relevant product quality 
parameters. Further development could be focused specifically on protein 
stabilization, to include more relevant parameters such as the atomization mechanism 
and the formation of the sugar matrix during drying (chapter 5 and 6). 
In its current form, the model introduced in chapter 4 is very useful for 
general optimization of spray drying processes. Especially at the start of the 
development, an initial estimate of the optimal settings is valuable. Whereas in the 
field of chemical engineering the use of models is quite common, in the 
pharmaceutical technology field it is less so. Therefore, bringing together both fields 
to increase the awareness and use of models for process and product optimization, or 
even moving further towards a quality by design approach in research would be highly 
beneficial. Even more so, I believe that models in general could be used so much 
more, even in daily practice in the labs. Hopefully in the future, a model will no longer 
be seen as some vague and difficult to understand number generator, but be treated 
no different than a calculator, a pen and paper. Especially in this mobile era, everyone 
is walking around with computers that are far more powerful than most realize and 
models as described in chapter 4 and perhaps chapter 5 and 6 can or will be able to 
run on mobile phones on the spot, while preparing the experiments. 
With the research presented in this thesis we have made great strides to 
predictively develop new stabilized protein products. However, there are still many 
unexpected results when trying to develop new formulations, and many times a trial-
and-error approach is still required for reliable optimization. This is fine, as that is the 
nature of research: answering one question usually brings up multiple other questions. 
Improving a process based on new findings for one product may or may not cause 
new challenges somewhere down the line with other products. However, it goes to 
show that there is still a lot to learn. 
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